Abstract MicroRNAs (miRNAs) are small RNA molecules that modulate gene expression and which have been implicated in cancer. We evaluated whether five candidate predictive miRNAs, derived from a pilot study in which 249 miRNAs were assayed, were associated with clinical benefit of tamoxifen therapy in advanced breast cancer. These five miRNAs were measured in an independent series of 246 estrogen receptor (ER)-positive primary breast tumors of patients who received tamoxifen for advanced disease by quantitative Real Time PCR. Univariate analysis showed that higher expression levels of hsa-miR-30a-3p, hsa-miR30c, and hsa-miR-182 were significantly associated with benefit of tamoxifen treatment and with longer PFS (all P-values \0.01). In multivariate analysis, corrected for the traditional predictive factors, only hsa-miRNA-30c was an independent predictor (P-value \0.01). Finally, in an attempt to understand the biology connected to this miRNA, Global testing pathway analysis showed an association of hsa-miRNA-30c expression with HER and RAC1 signaling pathways. We identified hsa-miRNA-30c as an independent predictor for clinical benefit of tamoxifen therapy in patients with advanced breast cancer. Assessment of tumor levels and connected pathways could be helpful to improve treatment strategies.
Introduction
Current effective endocrine therapies include treatment with the ER-a antagonist tamoxifen or, more recently, aromatase inhibitors (AIs) that compromise the synthesis of estrogens. Despite their benefit in patients in ER-a positive breast cancer [18] a considerable number of patients with ER-positive breast cancers does not benefit from endocrine therapy due to de novo or acquired resistance [22] . Altered existing [13, 28, 29, 40, 43] or activation of novel signaling pathways [3, 12] are considered to underlie resistant tumors and are thus major obstacles for endocrine therapy to be fully effective [5] .
MicroRNAs (miRNAs) are non-coding, single-stranded RNAs, which in their mature form constitute a novel class of gene regulators [2] . Due to partial sequence homology to the 3 0 untranslated region (3 0 UTR) of target mRNAs, singlestranded mature miRNAs bind to their targets thereby blocking translation or causing mRNA degradation [4] . Altered miRNA expression levels have been described in breast cancer [6, 17, 33] , and specific miRNAs have been associated with the occurrence of metastasis and poor prognosis [1, 10, 16, 24, 38] . In cultured breast cancer cell lines hsa-miRNA-221 and -222 expression can induce tamoxifen resistance due to negative regulation of ER-a or direct targeting of p27Kip1 [27, 44] . These latter studies suggest a role for miRNAs in endocrine therapy resistance in breast cancer. In this work, we have studied in ER-positive beast cancer the association of selected miRNAs with clinical benefit of tamoxifen therapy for advanced disease.
Materials and methods

Patients
The Medical Ethical Committee of the Erasmus Medical Center Rotterdam, the Netherlands, approved our study design (MEC 02.953 ). This retrospective study used 246 coded, ER protein-positive (C10 fmol/mg protein) primary tumor tissues from patients diagnosed between 1981 and 1995. This study was conducted in accordance with the Code of Conduct of the Federation of Medical Scientific Societies in the Netherlands (http:/www.fmvv.nl) and where possible adheres to the REMARK criteria for reporting on prognostic/predictive biomarkers [25] . Patients were treated either with breast-conserving surgery (34%) or with modified mastectomy (66%). An axillary dissection was performed in 93% of the patients (n = 228). None of the patients received neoadjuvant therapy or hormonal adjuvant treatment (hormone-naïve). Twenty-eight patients received adjuvant CMF (cyclophosphamide, methotrexate, 5-fluorouracil) and 18 patients anthracycline-containing chemotherapy. Relevant clinicopathologic characteristics of the patients and their primary tumor are given in Table 1 . Thirty patients presented with distant metastasis at diagnosis or developed distant metastasis within 1 month after primary surgery (M1-patients). These 30 patients and the 216 M0-patients who developed a recurrence during follow-up (32 patients with local-regional relapse; 184 patients with distant metastasis) were treated with tamoxifen (40 mg daily) as first line therapy for advanced disease. Of the 216 M0-patients, the median time between primary surgery and start of therapy was 29 months (range, 2-134 months). At the time of surgical removal of the primary tumor the median age of the patients was 60 years (range, 26-89 years) and at start of tamoxifen therapy for advanced disease 62 years (range, 29-90 years). Response to tamoxifen therapy was defined by standard Union International Contre le Cancer (UICC) criteria [15] . Objective response was observed in 45 patients (12 complete remissions, CR; and 33 partial remissions, PR). Seventy-eight patients experienced an increase in tumor size of 25% or more, or showed new tumor lesions within 3 months (progressive disease, PD). The remaining 123 patients with no objective response or PD were considered as patients with no change (NC). These patients with NC were categorized into 112 patients who had NC [ 6 months (defined as stable disease, SD) and 11 patients with NC B 6 months. The time that 50% of the patients survived without progression of the disease was for CR: 41 months, PR: 14 months, SD: 14 months, NC B 6 months: 6 months, and for PD: 3 months. Hundred and fifty-seven patients (64%) showed clinical benefit (CR ? PR ? SD) of tamoxifen therapy. The median follow-up time of patients alive after surgery was 86 months (range, 10-165 months), and 25 months (range, 1-95 months) after start of tamoxifen therapy. At the end of the follow-up period, 229 patients had developed tumor progression and 181 patients had died.
Tissue processing, RNA isolation, multiplex cDNA synthesis, and miRNA quantification Tissue inclusion, processing, sectioning and total RNA extraction were done as before [35, 36] . Only ER-positive cases (C10 fmol/mg cytosolic protein or more) determined as described [8, 9] were included. As described in detail [10] , 50 ng of total RNA was reverse-transcribed using up to 30 different reverse transcription (RT) primers (10 nM each) in 12 ll using the TaqMan MicroRNA Reverse Transcription Kit (ABI) according to the manufacturer's instructions [10] . Using cDNA synthesized from 0.5 ng of total RNA, individual miRNAs were separately quantified in duplicate essentially as described [10] by real-time PCR using individual TaqMan human MicroRNA Assay kits ( Table 2) . A standard curve prepared from a pool of RNA obtained from a randomly selected set of 33 human breast tissues included in this study was added in each cDNA synthesis and PCR run, and the resulting data were used to normalize for in-between experimental variations. In all cDNA synthesis runs a minus RT reaction was always incorporated. PCR efficiency, linearity, and the upper and lower detection limits of each individual miRNA assay were validated [10] . To control for RNA input and integrity, two miRNAs, hsa-miR-132 and hsa-miR-374, were used as reference to normalize and quantify miRNA expression levels as previously reported [10] .
Statistics
For statistical computations, STATA statistical package 10.1 (STATA Corp., College Station, TX) was used. Differences in miRNA levels in subgroups of patients were assessed with the Mann-Whitney U test or Kruskal-Wallis test, including a Wilcoxon-type test for trend. In these tests, 
a At start tamoxifen treatment for recurrent disease patient and tumor characteristics were used as grouping variables. The strengths of the associations between continuous variables were tested with the Spearman rank correlation (r s ). To reduce the skewness most variables were log or Box-Cox transformed. Logistic regression analysis was used to examine the relation of miRNA levels with clinical benefit of tamoxifen therapy and for the calculation of the odds ratio (OR) and its 95% confidence interval (CI). The Cox proportional hazard model was used to calculate the hazard ratio (HR) and its 95% CI in the analyses of PFS. The starting point of PFS being defined as the start of treatment with tamoxifen for recurrence and the endpoint as the first detection of progression of the disease or death. Survival curves were generated using the method of Kaplan and Meier [19] and the log rank test was used to test for differences. A two-sided P value \0.05 was considered statistically significant.
Pathways and global testing
Our Affymetrix microarray gene expression data (entries GSE2034 and GSE5327) were combined with gene expression data from HG-U133-plus2 chips. Data were preprocessed and normalization was performed as previously described [39] . Next, separately for each chip-type, data were normalized before combining the data-sets. Absence of a bias based on the chip-type (the 133A-data and plus 2 data) was checked as described [42] . For 71 of the 246 patients included in this study, we have both miRNA and mRNA expression data available for pathway analysis. The Global Test [14] was used (version 4.4.0) to associate Biocarta pathways (http://www.biocarta.com/) to samples expressing high or low amounts of a particular miRNA. For 'high' or 'low' assignment of samples, the 20 samples with the highest and the 20 samples with the lowest expression of a particular miRNA were selected. A P value was considered significant when the false discovery rate (FDR)-adjusted P value of the test [10] as well as P value calculated by 1,000 re-samplings were both \0.05. The contribution of individual genes in a pathway was evaluated using calculated z-scores [14] ; genes with z-scores [1.96 were considered significant contributors to the pathway. R version 2.4.1 (http://www.cran.r-project.org) was used to run the Global Test package.
Results
Identification of candidate miRNAs predictive of clinical benefit
To identify miRNAs potentially related to the type of response to tamoxifen therapy, we exploited our previously generated data set [10] . This dataset comprised miRNA expression levels of 249 miRNAs of 38 ER-positive breast cancer patients with lymph-node negative disease with welldocumented clinical follow-up. Fifteen of these 38 breast cancer patients, who were all hormone-naïve, experienced a relapse and received tamoxifen monotherapy as first-line treatment for recurrent disease. Ten patients had clinical benefit of this therapy while five did not and progressed within 6 months. A two-tailed Mann-Whitney test ranked the following five miRNAs, hsa-miR-422a (P = 0.004), hsa-miR-30a-3p (P = 0.004), hsa-miR-187 (P = 0.005), hsa-miR-30c (P = 0.014), and hsa-miR-182 (P = 0.027), as the most significantly differentially expressed between those patients benefiting from therapy and those who failed therapy.
To independently validate the predictive value of these five putative predictors of benefit of tamoxifen therapy, we measured their expression levels by quantitative real time RT-PCR in 246 ER positive primary tumors of hormone-naïve breast cancer patients who received tamoxifen monotherapy as first-line treatment for advanced disease.
Association of miRNA expression levels with patient and tumor characteristics
The association of the levels of the five candidate predictive miRNAs with patient and tumor characteristics is summarized in Table 1 . The patient's age was positively correlated with hsa-miR-30c (P = 0.001) and hsa-miR-182 (P = 0.009) levels. Similarly, these two miRNAs were associated with menopausal status (P = 0.036; P = 0.030, respectively). The levels of none of the miRNAs analysed were significantly associated other clinical and pathological parameters such as nodal status, tumor size and grade, and disease-free interval.
ER mRNA, PgR mRNA, and miRNA levels were analysed as continuous variables. Spearman rank correlation showed significant positive association (all P \ 0.001) between the levels of ER mRNA, and those of hsa-miR30a-3p (r s = 0.298), hsa-miR-30c (r s = 0.309), and hsamiR-182 (r s = 0.276). Furthermore, PgR mRNA levels were also positively correlated (all P \ 0.001) with hsamiR-30a-3p (r s = 0.444), hsa-miR-30c (r s = 0.336), and hsa-miR-182 (r s = 0.177). In contrast, hsa-miR-422a levels were negatively correlated with those of ER (r s = -0.134, P = 0.036) and PgR (r s = -0.153, P = 0.016). In addition, hsa-miR-30a-3p expression levels were positively correlated (P \ 0.001) with those of hsa-miR-30c (r s = 0.744). Hsa-miR-182 (r s = 0.310), and hsa-miR-30c levels were correlated with those of hsa-miR-182 (r s = 0.410).
Univariate and multivariate analysis for clinical benefit of tamoxifen therapy
In univariate logistic regression analysis using continuous variables, increasing levels of hsa-miR-30a-3p (OR 1.51, 95% CI 1.16-1.96, P = 0.002), hsa-miR-30c (OR 3.87, 95% CI 2.16-6.94 P \ 0.001), and hsa-miR-182 (OR 1.54, 95% CI 1.09-2.16, P = 0.013), were associated with clinical benefit of tamoxifen treatment. No significant associations were observed for hsa-miR-422a or hsa-miR-187 in any of the analyses (not shown). Therefore, these miRNAs are not discussed any further as they were probably false discoveries. In multivariate analysis, when adding the miRNAs separately to the base model comprising the traditional predictive factors (age, menopausal status, dominant site of relapse, disease-free interval, and tumor (Table 3) .
Association of miRNA levels with PFS
The relationship of miRNA levels with PFS was determined with the Cox proportional hazards model and visualized by Kaplan-Meier survival curves using the quarters as mentioned above. Patients in the fourth quarter, with the highest expression levels had the longest PFS for all three miRNAs. Compared with patients with tumor miRNA levels in the first quarter, the HRs for patients in the fourth quarter ranged from 0.47 for hsa-miR-30c, via 0.51 for hsamiR-30a-3p, to 0.57 for hsa-miR-182 (Fig. 1 ).
Pathways and global testing
For 71 of the 246 patients Affymetrix (U133A or plus2) transcriptome information was available as well. Using the Global Test [14] , we associated biological pathways with the significant miRNAs (Supplementary Table 1 ). HsamiR-30c was found to be the most significantly coupled to ''HER, signal transduction, and oncology pathway'' (comparative P = 0.014, FDR-adjusted P = 0.007), in which higher ER-a and HER4 expression levels and lower EGFR expression levels were seen in tumors having high hsa-miR-30c expression levels compared with those expressing low levels (Fig. 2a) . Additionally, hsa-miR-30c and hsa-miR-30a-3p were both negatively associated to the ''RAC1 cell motility signaling pathway'' (comparative P = 0.025, FDR-adjusted P = 0.015, and comparative P = 0.016, FDR-adjusted P = 0.016, respectively). MRNA expression levels of platelet-derived growth factor receptor a (PDGFRa), Wiskott-Aldrich syndrome protein 1 (WASF1), cdk5 regulatory subunit 1 (CDK5K1), and chimerin 1 (CHN1) genes were all inversely correlated with the expression levels of these two miRNAs (Fig. 2b, c) . Hsa-miR-30a-3p was also significantly associated with ''Ceramide signaling pathway'' (comparative P = 0.019, FDR-adjusted P = 0.012). (Fig. 2d) . In which anti-apoptotic BCL2, NF-jB1 and MAP2K4 were over-expressed in tumors having high versus those having low hsa-miR-30a-3p expression (Supplementary Table 1 Our analysis did not reveal a significant association of hsa-miR-182 with any of the pathways included in the analysis.
Discussion
Given the importance to get better insight into the mechanisms accounting for outcome to hormonal therapy in breast cancer, we explored in this study the association between five putative candidate miRNAs and outcome in ER-a positive breast cancer patients who received tamoxifen therapy for advanced disease. We found an association of high expression levels of hsa-miR-30a-3p, hsa-miR-30c, and hsa-miR-182 with clinical benefit and longer PFS. According to published predicted target databases, none of the miRNAs included in this study have the ER mRNA as a target. This suggests that, although indirect effects are possible, the effects of the studied miRNAs on tamoxifen response are not directly related to modulation of ER levels.
To unravel the mechanisms by which these miRNAs affects outcome to tamoxifen, global testing together with gene expression data were used to reveal associations between these miRNAs and biological pathways. In these analyses, the most significant and independent predictor of clinical benefit, hsa-miR-30c, was positively linked to ERa and negatively to EGFR. Cross-talk between EGFR and ER-a has earlier been implicated in tumor cell response to tamoxifen [21, 30, 34] . Furthermore, hsa-miR-30c and the correlated and possibly co-regulated hsa-miR-30a-3p were both negatively correlated to ''RAC1 cell motility signaling pathway''. The driving growth factor receptor of this pathway, PDGFRa, is causally linked to tamoxifen resistance, since we have shown previously [26] MAPK3  FADD  MAP2K1  BCL2  RAF1  TNFRSF1A  BAD  NSMAF  PDCD8  CYCS  TRADD  SMPD1  MAP2K4  TRAF2  CASP8  BAX  NFKB1 hsa-miR-30a-3p
Influence on pathway significance line ZR-75-1 to grow in the presence of tamoxifen. Downstream Rho/Rac/Cdc42-like GTPases and their activating (RhoGAP) proteins such CHN1 (Chimerin1, also called ARHGAP2) have multiple functions including the modulation of the plasticity of tumor cells [20, 32] but there is no link of this with endocrine resistance. Not apparent from the pathway analysis is that another GTPase, RHOBTB3, as well as the GTPase modulator VAV3 are also implicated or associated within tamoxifen resistance [26] . Thus, there is mounting evidence of specific GTPase signaling pathways in modulation of endocrine therapy response. In addition, pathway analysis connects hsa-miR30a-3p positively to BCL2 mediated cellular survival/ceramide induced apoptosis, which is in line with a favorable role of increased BCL2 expression in breast cancer treated with endocrine therapy [7, 11, 23, 37, 41] . As BCL2 is an ER-a regulated gene, high BCL2 is indicative of an intact ER-a pathway driving tumor growth thereby potentially explaining sensitivity to endocrine therapy [31] . Searching publicly available data bases, it appeared that the highly correlated and highly homologous hsa-miR-30c and -30a share many predicted targets such as PPARGC1B, Makorin-3, UBAC1, PTPDC1 (http://microrna.sanger.ac.uk). However, for hsa-miR30-a we quantified the star strand, hsamiR-30a-3p, which can be also released from the hsa-miR30a miRNA stemloop. This miRNA targets an entirely different set of genes i.e., POU4F1, ZIC4, FOXJ3, BRCA1 (http://pictar.mdc-berlin.de). The putative targets of these miRNAs, however, do not obviously pinpoint to a specific mechanism nor are they connected to the above-mentioned pathways revealed by data mining. As a consequence, thus far the putative targets are not informative and further research is needed to elucidate the exact mechanisms underlying the association of the found miRNAs and outcome to tamoxifen.
In conclusion, this study showed a connection between hsa-miR-30c, hsa-miR-30a-3p, and hsa-miR-182 expression levels and benefit of conventional endocrine therapy. Only hsa-miR-30c was independent of traditional predictive markers suggesting that measuring this miRNA may have added clinical value. At present these markers are not ready for clinical application. First of all the findings need to be firmly validated in additional independent cohorts, and secondly the current markers on their own are insufficiently strong for clinical decision making and the results should be interpreted as hypothesis generating. Apart from this, the miRNAs revealed to be predictive for outcome to tamoxifen, may be tested for their ability to predict response to aromatase inhibitors as well, the other main type of endocrine therapy currently prescribed. Finally, the pathways connected to these miRNAs as well as their shared predicted target genes may provide new clues for mechanism driving tamoxifen resistance.
